Infectious diseases threaten populations of many endangered wild species and are 87 now recognized as a main threat relevant to conservation biology (Young et al., 2017) . The 88 structure of contact networks among hosts of infectious agents can strongly impact 89 epidemiological dynamics (Craft et al., 2008; Strona et al., 2018) , hence extinction probabilities 90 (Cleaveland et al., 2002) . Some individuals or populations may occupy key positions in contact 91 networks and contribute more than others to spreading infectious agents through their 92 (Boulinier et al., 2016) . In wild communities subject to infectious disease 100 outbreaks, deciphering the contact structure and examining the hosts' respective contributions 101 in epidemiological dynamics is thus critical to develop control measures. The role of predator 102 and/or scavenger species as potential spreaders of infectious agents is poorly documented 6 because it requires targeted field efforts at the often unpredictable time of outbreaks (Daversa 104 et al., 2017) . For instance, the role of scavengers has been suspected in avian cholera, caused 105 by the bacterium Pasteurella multocida (Pm), outbreaks (Wille et al., 2016) , but their actual 106 contribution as spreaders still requires proper examination. 107
The recurrent outbreaks of avian cholera in seabirds on remote Amsterdam Island 108 Island (which is rodent infested but considered avian cholera free), the breeding success of 120 the Atlantic yellow-nosed albatross (Thalassarche chlororhynchos) is as high as 70% 121 (Cuthbert et al., 2003) , while it has been below 10% most of the past twenty years on 122 Amsterdam Island for the Indian yellow-nosed albatross (Jaeger et al., 2018) . This example 123 and others (e.g., Sebastiano et al., 2019) , illustrate that infectious diseases can represent an 124 important, but often neglected, threat to seabird population viability. Avian cholera outbreaks 125 on Amsterdam Island not only affect this globally-significant yellow-nosed albatross population 126 (Weimerskirch, 2004) , but are also suspected to cause mortality in two other endangered although contacts may be frequent within dense seabird colonies, contacts between 142 individuals from different colonies may thus be rare besides potential limited prospecting 143 movements (Boulinier et al., 2016) . 144
Terrestrial predators and scavengers could however spread Pm across the island while 145 foraging among seabird colonies undergoing outbreaks. Notably, the small population of 146 brown skuas (Stercorarius antarcticus), the sole terrestrial vertebrate predators and 147 scavengers native to the island, could disseminate the bacterium when foraging through 148 shedding and/or by moving infected albatrosses and penguins (Pietz, 1987) . Considering the wide range of feeding habits of skuas and the potential heterogeneity 158 of foraging strategies among individuals (Furness, 1987) , some individuals could play a 159 prominent role in the circulation of infectious agents. In the skua population of Amsterdam 160
Island, we examined the extent to which the individuals (1) are exposed to Pm, (2) forage on 161 coastal versus inland areas, and (3) exploit exclusive feeding territories within the seabird 162 colonies. We expected the skuas to forage mostly on the coasts where prey species breed in 163 dense colonies (Figure 2a Amsterdam albatrosses nest biennially further inland, on the northern part of the PDT (Figure  183 1). A few small Procellariiformes are also present on the island in very low numbers (Micol & 184 Jouventin, 1995) . All around the island, subantarctic fur seals (Arctocephalus tropicalis) calve 185 on the beaches in December (Guinet, Jouventin, & Georges, 1994) , also providing food 186 opportunities for skuas (placentas and dead pups). Introduced brown rats and house mice are 187 often observed in seabird colonies ( Figure S1 .A.2). Feral cats (Felis catus) were also 188 introduced on the island (Micol & Jouventin, 1995) , but are rarely observed in seabird colonies. 189
Field sampling 190
During three breeding seasons (2011-2012, 2015-2016, 2016-2017) , blood samples 191
(1 mL from the metatarsal vein using heparinized syringes) and cloacal swabs (using sterile 192 cotton tips) were collected from 66 adults and 9 nestlings of brown skuas captured on their 193 nests in the southern part of PDT or in clubs at Entrecasteaux and MAE between November 194
and January (Table 1) 
Immunological assays 201
Pm-specific antibody levels in plasma samples of skuas were measured using two 202 immunoassays in order to ascertain past exposure to Pm: an enzyme-linked immunosorbent 203 assay (ELISA; ID Screen ® Pasteurella multocida Chicken and Turkey Indirect, IDvet, France; 204 with the positivity threshold determined following Garnier et al., 2017) and a microagglutination 205 test (MAT; SEROPAST ® , Ceva-Biovac, France). Technical details are given in Appendix S1.B. 206
Molecular detection of Pm 207
Total nucleic acids were extracted following the RNA NOW ® isolation and purification 208 protocol for skua cloacal swabs preserved in RNA NOW ® , and with the QIAamp cador 209
Pathogen Mini ® kit (QIAGEN, USA) for skua cloacal swabs preserved in Longmire lysis buffer. 210
Pm DNA was detected with a real-time polymerase chain reaction (RT-PCR) targeting the 211 strain previously detected in a dead sooty albatross on Amsterdam Island . 212
Technical details are given in Appendix S1.B. 213
Movement tracking 214
In 2015-2016 and 2016-2017, 18 breeding skuas captured on the southern PDT were 215 also equipped with solar-powered GPS-UHF devices with a remote data download link (GPS-216 UHF Harrier-L ® , Ecotone, Poland). The GPS acquisition frequency was set at 2 to 5 min and 217 altitude above sea level was also recorded in 2015-2016 (see Appendix S1.C for more details). 218
Loggers were deployed during the early chick-rearing period (late November/early December), 219 when skuas' energetic needs are at their highest (Furness, 1987) and avian cholera outbreaks 220 occur in albatross colonies (Weimerskirch, 2004; Bourret et al., 2018) . Sufficient data for 221 spatial analysis (> 24h) were collected from 13 individuals, with data spanning 12-102 days 222 
Monitoring of yellow-nosed albatrosses 242
In order to assess whether skuas were present in coastal seabird colonies during avian 243 cholera epizootics, the proportions of yellow-nosed albatross nestlings surviving and excreting 244
Pm DNA in a subcolony of Entrecasteaux were used as a proxy for the progress of the 245 epizootics. Pm DNA excretion was assessed using the same design used in brown skuas. 246
Details and sample sizes are given in Appendix S1.D. 247
Statistical analyses 248
All statistical analyses were run using R 3.6.1 and the script available in Appendix S3. 249
Seroprevalences were calculated as the proportion of seropositive individuals among tested 250
individuals each year. Differences in antibody levels among locations within a year or among 251 years in a location were investigated using Wilcoxon tests with a Bonferroni correction and a 252 5% significance level. 253
Results

254
Detection of Pm and anti-Pm antibodies 255
Specific antibodies were detected in all but two plasma samples from adult brown 256 skuas by both MAT and ELISA, resulting in seroprevalence varying between 80% and 100% 257 depending on the site and year (Table 1 ). In 2016-2017, based on the ELISA results, antibody 258 levels were significantly lower in MAE than in Entrecasteaux and PDT (both p<0.01; Table  259 S1.B.1). All other pairwise comparisons were not statistically different (Figure 3) . The same 260 results were obtained from the MAT data. Pm DNA was detected in cloacal swabs of adults 261 from PDT and Entrecasteaux, but not from MAE (Table 1) and fur seal colonies, the north coast, hosting another large fur seal colony, and the south 280 plain where seabirds and fur seals are rare, but rodent populations may be present. Note that 281 all the tracked individuals were seropositive and Pm DNA was detected in 8/13 birds ( Table  282 S1.C.2) at the time of logger deployment. 283
Discussion
284
Here, we explored different scenarios of foraging strategies of a predator and 285 scavenger, the brown skua, in relation to the circulation of a pathogen within a spatially-286 structured community of endangered seabirds. Movement data suggest that skuas may inter-287 connect several seabird colonies during avian cholera epizootics, potentially contributing to 288 pathogen spread. Our study allowed to characterise biological processes relevant to pathogen 289 circulation, such as the fact that skuas do not hold foraging territories, a necessary first step 290 to build mechanistic models of eco-epidemiological dynamics and explore potential control 
Skua exposure and infection by Pm and implications for epidemiological surveillance 293
We report the first detection of anti-Pm antibodies in skuas and show that the 294 population of brown skuas from Amsterdam Island is highly exposed to this bacterium. The 295 proximity of Entrecasteaux cliffs, where skuas may be exposed to Pm through feeding on 296 infected albatrosses and penguins ( Figure S1 More generally, the important proportion of seropositive but PCR-negative adult skuas 305 suggests that specific antibodies may persist past the infection period, as commonly observed 306 in acute infections (Pepin et al., 2017) . 307 yellow-nosed albatrosses, but technical constraints for field microbiology (e.g. low availability 309 of fresh carcasses, difficulty to obtain bacterial isolates from non-invasive approaches) limited 310 the sample sizes. While it is not possible to confirm that the epizootic Pm strain killing 311 albatrosses is circulating in skuas, our current understanding of the system supports the 312 circulation of a common Pm strain circulating in the different species of the island. Future 313 works should aim at sequencing more Pm isolates from different species of the island to 314 confirm this hypothesis. 315
Interestingly, detection of specific antibodies in the majority of PCR-negative adults 316 also suggests that a large proportion may survive Pm exposure, contrasting with the high 317 mortality rate reported during previous outbreaks in Antarctica (Parmelee, Maxson, & 318 Bernstein, 1979; Leotta et al., 2006) . This heterogeneity is not surprising given the known 319 variability of Pm virulence in different hosts (Christensen & Bisgaard, 2000) . Moreover, the 320 low mortality rate of adult skuas on Amsterdam Island is similar to that of adult yellow-nosed 321 albatrosses on that island (Rolland et al., 2009; Gamble, Ganier et al., 2019) , but the higher 322 seroprevalence in skuas suggests different rates of exposure and/or persistence of antibody 323 levels. If skuas are highly exposed but resistant or tolerant to infection by Pm, they could also 324 be involved in the maintenance of the pathogen on the island. This result also shows that 325 skuas are potentially good sentinels to detect the circulation of Pm, especially using serology 326 We did not observe breeding skuas foraging in the small and low-density breeding 353 population of the Amsterdam albatross, suggesting that they may not connect this population 354 to others (Figure 2b) . This is consistent with the high breeding success of this albatross 355 population over the last decades (Jaeger et al., 2018) . Although a few skua pairs nest among 356
Amsterdam albatrosses (Figure 1) , contacts between the two species may be rare if skuas 357 forage only on the coast, as movements around the nests are usually limited. However, 358 considering the flexibility of skuas' foraging behaviour and potential behavioural differences 359 between breeders and non-breeders, some individuals may occasionally visit this colony, 360 especially if environmental conditions and food availability change (Carneiro et al., 2015) . 361
Such changes, modifying the host space-utilisation, can have important consequences on the 362 dynamics of infectious agents (Merkle et al., 2017; Giles et al., 2018) . Long-term monitoring 363 of these dynamics is essential to better understand pathogen circulation, and design robust 364 management options. 365
Maintenance and circulation of infectious agent 366
The population of brown skuas may play a key role in the circulation of Pm on 367 Amsterdam Island, but the complete maintenance community (i.e., the set of connected host 368 populations that together can maintain the pathogen over the long term, notably in winter when 369 most seabirds are absent of the island; Viana et al., 2014) remains to be functionally 370 characterized. Rodents may be good candidates as local maintenance hosts of Pm, but little 371
data are yet available to examine this hypothesis. Rodents can reach high densities and are 372 present year-round; they may feed on dead seabird nestlings and are preyed upon by skuas 373 ( Figure S1.A.2b, d ). In addition, as observed in poultry (Curtis, 1983) , rodents may directly 374 Foraging rodents could then move the bacterium from those skuas to the Amsterdam 384 albatrosses. More generally, this stresses the importance of considering processes occurring 385 at nested spatial scales, and epidemiological networks in their entirety when exploring chains 386 of transmission (Boulinier et al., 2016; Daversa et al., 2017) . In the case of Amsterdam Island, 387 future work should examine the role of introduced rodents in the maintenance and small-scale 388 circulation of avian pathogens. 389
Implications for conservation 390
Our study revealed that the movements of potential bridge hosts (here, skuas and 391 potentially rodents) may reduce the efficiency of local actions aiming at controlling multi-host 392 infectious agents. For instance, locally intensive vaccination programs targeting albatrosses 393 to control the pathogen because, although the system appears highly spatially structured, 396
skuas could re-introduce the pathogen from inaccessible, hence non-treated, seabird 397
colonies. In such a system, efficient disease control measures would likely need to interrupt 398 the transmission network by targeting bridge hosts by, for instance, vaccinating native 399 terrestrial predators (here skuas) with a vaccine blocking transmission and eradicating 400 introduced rodents. However, we do not recommend culling native terrestrial predators as 401 there are growing evidences that scavenging contribute in disease controls (e.g., Sage et al., 402 2019) and the culling of a native species would raise strong ethical issues. In the case of avian 403 cholera on Amsterdam island, an autogenous vaccine has proven efficient to protect yellow-404 nosed albatross nestlings (Bourret et al., 2018) , but whether it blocks transmission remains to 405 be investigated. The direct negative impact of introduced rodents on seabird populations is 406 well documented and their eradication is seen as a priority for seabird conservation (see 407
Duron, Shiels & Vidal, 2017 for a review). In contrast, their role in epidemiological dynamics 408 has rarely been explored, but its potential is highlighted by our results. Implementing the 409 eradication of introduced rodent populations on Amsterdam Island in parallel to the 410 epidemiological monitoring of seabird populations, would provide a unique opportunity to 411 semi-experimentally assess their role in the eco-epidemiological dynamics while representing 412 a significant management action in itself.
413
When deciding what management measure to implement in a situation such as the 414 one on Amsterdam Island, modelling approaches can enable the stakeholder to clearly outline 415 the management objectives, the available means to reach them, and the level of uncertainty 416 in the parameters underlying the dynamics of the system. Indeed, comparing the potential 417 benefits of different management strategies is not as straightforward as it may seem and we 418 encourage stakeholders to work hand in hand with disease ecologists and modellers, even in 419 an apparently simple situation such as that on Amsterdam Island. For instance, 420 
